Purpose: This study examined the possible causal mechanisms of fatigue during intense exercise in the heat in a group of nine sedentary women. Methods: Two strenuous cycling sessions were performed, at 100% of maximal aerobic power, either in neutral (N-Ex, air temperature: 22˚C ± 0.4˚C, air humidity: 53% ± 8%) or in heat conditions (H-Ex, air temperature: 35˚C ± 0.3˚C, air humidity: 59 ± 6). Tympanic temperature (Tty), heart rate (HR), body mass loss (BML), lactate concentration [La] and brain electrical activity (EEG: α and β waves and α/β ratio) were recorded. Results: Tty, HR and [La] increases (p < 0.001) did not differ significantly between conditions. However, Tty increase rate was significantly (p < 0.05) higher during H-Ex (0.12 ± 0.03˚C•min −1 ) than that during N-Ex (0.08 ± 0.02˚C•min −1 ), and time to exhaustion (Time Limit at 100%) was significantly (p < 0.01) decreased (−18% ± 4%) during H-Ex session. Under both conditions, β waves decreased (p < 0.05) and α/β ratio increased (p < 0.05) significantly immediately before exhaustion. Conclusion: During exercise in the heat, the high rate of core temperature rising might be a critical factor triggering faster brain changes.
Introduction
Fatigue should be acknowledged as an integrated complex phenomenon influenced by both psychological and physiological factors. Muscle fatigue, defined as an exercise-induced reduction in the ability of a muscle to generate force or power, may develop for a variety of reasons and involve both central and peripheral factors [1] . Even in well-motivated subjects, the relative importance of peripheral versus central factors (i.e. mechanisms acting at/or distally, or caudally to the neuromuscular junction, respectively) seems to vary markedly depending on the mode, intensity, and duration of the exercise [2] [3] , besides the nutritional status of the subjects and the environmental conditions [3] .
The fundamental differences between the morphotypes of the two genders have a considerable impact on their physical performances [4] , poorer thermoregulation, and greater risk for heat injury [5] . They have a smaller inherent aerobic power and less muscular strength than man, reflecting physical size, body composition, hormonal status, and socio-cultural influences [4] . For sustained isometric maximal voluntary contractions of the elbow flexor muscles, Hunter et al. (2003) [6] reported that young women are less fatigable than young men for maxima, without any gender difference in the contribution of supraspinal fatigue mechanisms. This suggests that women exhibited lesser peripheral fatigue than men. In contrast, Russ and Kent-Braun (2003) [7] using a similar protocol showed greater central fatigue in men compared with women. Furthermore, studies that focused on peripheral physiological mechanisms showed that women present typically greater muscle endurance (less fatigability) than men [7] - [9] , even if no differences can be found in other studies [6] . Most of these studies have focused on peripheral physiological mechanisms, mainly those within the muscle, to explain fatigue in women. Although a varying work-to-rest ratio does not seem to influence the extent of central fatigue [10] , longer task duration [11] mostly with no rest periods [12] can lead to more central fatigue. In this line, Yoon et al. (2007) [13] clamed that the low-force task induced greater central fatigue than the high-force contraction did for both men and women.
As recently stated by Nybo (2010) [14] , exercise with superimposed hyperthermia is a challenge to the brain, and also provides an excellent model for studying factors of importance for central fatigue. Hence, the aim of the present investigation was to determine the effect of intense exhaustive muscular exercise in sedentary women performed with and without heat stress on EEG responses.
We hypothesize that during exercise in the heat, the high rate of rise of core temperature might be a critical factor inducing faster brain changes.
Methods

Subjects
Nine healthy volunteer females participated in this study. They were informed of the nature and possible inconveniences associated with the experiment. Written informed consent was obtained from all subjects prior to participation. Ethical approval was obtained from the appropriate research ethics committee (Committee for Human Protection in Biomedical Research of Sousse-Tunisia) and therefore the study was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. Their mean age and body mass, % of body fat, height and VO 2 max were 23 ± 1 yr, 63 ± 4 kg, 19.9% ± 3%, 1.72 ± 0.04 m and 35 ± 4 ml•min −1 •kg −1 , respectively. All women were tested in the middle of the follicular phase (FP) of the menstrual cycle between the 2nd and the 9th days after the menstruation phase. They are no smokers and they did not take any medication or nutritional supplements during all the testing sessions' period. They were asked to refrain from physical activities for 24 h before every test, and to avoid coffee, and cigarettes consumption during the testing days. Diet was controlled prior testing.
Preliminary Testing
One week before the cycling sessions, subjects completed a preliminary trial to determine body composition and maximal aerobic power. Skin-fold thickness was measured at four sites: triceps, suprailiac, abdomen and thigh [15] using a calliper (Harpenden, France). The percentage of body fat was calculated according to Durnin and Womersley (1974) [16] .
Maximal aerobic power was determined for each subject during a progressive and maximal exercise on ergocycle (Ergoline, Germany). Increasing load was performed according to a standardized and individualised pro-tocol (Wasserman, 1987) [17] . This session started by a warm-up period of 3 min at 20% of the previously determined theoretical maximal aerobic power (TMAP). This was followed by power increments every minute until exhaustion. Power increment was about 8% of the TMAP [17] . This allowed the determination of both VO 2 max and maximal aerobic power, based on the usual criteria for VO 2 max measurement i.e. a levelling-off in oxygen consumption, a respiratory exchange ratio exceeding 1.1, and an expected maximal heart rate value. The maximal aerobic power was taken as the cycling power at which VO 2 max occurred. The subjects' ventilation (VE) and fractional concentrations of expired O 2 and CO 2 (FEO 2 and FECO 2 ) were measured continuously by a gas analyser (ZAN 600 Meβgreräte, Germany).
Experimental Design
The experimental protocol included 2 cycling sessions performed at similar times in the morning on different days (9.00 a.m.) either in neutral (N-Ex) or in heat (H-Ex) conditions. During all sessions, subjects benefited from continuous medical assistance, particularly involving checking of internal body temperature and blood pressure.
Each cycling session started by a warm-up period of 5 min at 40% of the previously determined maximal aerobic power. This was followed by cycling at 100% of maximal aerobic power (MAP) until exhaustion. The exercise duration was defined as the limit time at 100% of the MAP (Tlim100%). During one of the session, subjects performed the cycling exercise in a thermoneutral environment (N-Ex: ambient temperature of 22˚C ± 0.4˚C and air humidity of 53% ± 8%). The second session was performed in heat condition (H-Ex: 35˚C ± 0.3˚C and air humidity of 59% ± 6%). A period of one week separated the two sessions and the order of sessions was randomized.
Heart rate (HR), tympanic temperature (Tty), plasma electrolytes (Na + , Cl − and K + ) concentrations and haematological parameters (hematocrit: Hct and haemoglobin concentration: [Hb] ), lactate concentration, body mass loss (BML), electroencephalogram (EEG) and reaction time to a simple visual signal were measured during the cycling exercise. Heart rate (HR) was assessed via a cardio-frequency-meter (Polar NV, Kempele, Finland). Body temperature was estimated from the tympanic temperature (Tty) immediately before and after the exercise using the same procedure described in Rasch and Cabanac (1993) [18] study. Tty was measured by a tympanic probe (T type thermocouple designed by INSERM, unit 103, Montpellier, France). This probe was placed in the external auditory canal of the right ear. A slight pain indicated a contact between the probe and the tympanic membrane [18] . Time constant and stabilisation of the probe were 0.15 s and 2 -3 s, respectively. A moss plug placed into the ear sealed the auditory canal. Before each cycling exercise, the probe was calibrated over a temperature range of 33˚C to 41˚C as monitored with an electronic thermometer.
Blood sampling was performed 3 min before and 3 min after each cycling exercise from the right cephalic vein. In the entire study, all blood samples were taken in a sitting position. Haematological parameters i.e. (Hb) and (Hct) were measured automatically by a specific electrode (CIBA Corning 644, France) from a 3 ml blood sample (in a NFS tube with an anti-coagulant K3 EDTA). Plasma concentrations of electrolytes (Na + , K + , and Cl − ) were measured automatically (YSI 1500 Sport, John Morris Scientific, Chatswood, Australia) and lactate concentrations were assessed using a whole-blood measuring device (L-Lactate Analyzer, Lactate Bayer, Sensor, France).
Body mass loss (BML) was determined from the pre-and post-exercise difference based on nude and dried body mass. Body mass was measured during all testing sessions using a force plate (Kistler 9290 C, Switzerland) with a 1 g accuracy.
The Electroencephalogram Recording
The EEG was continuously recorded throughout the cycling exercise over the prefrontal cortex [19] from a surface electrode. However, EEG was analysed during 90 s at rest, at the onset and the middle of the exercise, and immediately before exhaustion. To avoid movement artefacts, a reference electrode was placed arbitrary on the ear lobe level. EEG signals were amplified and sampled at a frequency of 500 Hz and data were analysed using a "∆Med" EEG analyser (Coherence 3 NT, France). A power spectrum was calculated from the EEG signal using a fast Fourier transformation. The areas of the power spectrum in the α-band (8 -13 Hz) and β-band (13 -30 Hz) were quantified as α and β, respectively. Subsequently the α/β ratio was calculated. This ratio was used as an index of "fatigue" based on the rationale that a decrease in β activity and an increase in α activity would reflect the decreased arousal or a decline in vigilance [1] [20] [21] . Also, all the α/β ratio was made relative to the value obtained during rest (α/β = 100) before the exercise trial, eliminating trial-to-trial and person-to-person variations.
Determination of the Simple Visual Reaction-Time
Immediately before and after the cycling exercise, a simple reaction time to the appearance of a signal (blue colour square) on a Laptop screen, placed in front of the subject sitting on the ergo-cycle, was measured. The signal appeared 10 times; in randomized order with 300 to 500 ms in-between. Subject was asked to tick on the items displayed on the screen with the pc-mouse as quickly as possible in response to each signal. The best and the worst performances were suppressed from the analysed data to avoid the effect of chance or bad manipulation.
Statistical Analysis
Descriptive statistics were calculated for all data. Results are presented as means ± standard deviation (SD). In order to compare the effect of "exercise" and "heat conditions" on Tty, HR, [Hb] and Ht changes a two way analysis of variance (ANOVA) with repeated measures was performed, taking into account the factors of preand post-exercise and heat sessions conditions. When significant main effects were found (p ≤ 0.05) a post-hoc Scheffé multiple comparison test was applied to determine differences between conditions. BML, [La] , Tty rate of rise and time to exhaustion (Tlim100%) were compared with a one-way ANOVA with repeated measures (pre-and post-exercise). α and β waves and the α/β ratio were analysed separately at rest, at the onset and the middle of the exercise, and immediately before exhaustion using two-way ANOVA (moment of EEG measurements, and heat condition) with repeated measures.
Results
Tympanic Temperature, Heart Rate and Body Mass Changes
Compared to the resting values, exercise induced a significant increase of Tty (p < 0.001) during N-Ex (mean gain = +1.1˚C) and H-Ex (mean gain = +1.3˚C) sessions. Comparison of maximal Tty reached at the end of each session did not reveal any significant differences between conditions. However, Tty rate of rise was significantly (p < 0.05) higher during H-Ex condition (0.12 ± 0.03˚C•min Table 1) .
Significant HR increase (p < 0.001) was also noticed during N-Ex sessions (mean gain = 101 beats•min −1 ) and H-Ex (mean gain = 100 beats•min −1 ). The HR increases did not differ significantly between conditions. However, rate of HR rise was significantly (p < 0.05) greater during H-Ex condition (9.3 ± 2 beats•min −1 ) than during N-Ex condition (7.6 ± 1 beats•min −1 ) ( Table 1) . Body mass loss recorded at the end of the N-Ex and H-Ex sessions were 0.8% ± 0.4% of BM and 1.1% ± 0.2% of BM, respectively. Comparison did not reveal any significant differences between conditions ( Table 1) .
Blood Lactate Concentration
The analysis reveal a significant (p < 0.001) increase in [La] during both N-Ex and H-Ex sessions. Furthermore, comparison of the maximal [La] recorded at the end of the cycling exercise did not show any significant difference between the two testing conditions ( Table 1) . 
Plasma Electrolytic and Haematological Parameters
The Exercise Duration (Tlim100%)
The H-Ex session was associated with a significant decrease (p < 0.01) of the time to exhaustion (Tlim100%: −18% ± 4%) when compared to N-Ex session (11.1 ± 1 min versus 13.5 ± 2 min respectively). Table 1 . Mean values of the tympanic temperature (Tty), heart rate (HR), body mass and blood lactate concentration recorded immediately before (pre) and after (post) the exercise in thermoneutral (N-Ex) and heat (H-Ex) conditions. *** : p < 0.001 (pre-post-significant differences). Hb] ) parameters recorded immediately before (pre) and after (post) the exercise in thermoneutral (N-Ex) and heat (H-Ex) conditions. Note that none of the parameters exhibit significant changes between the pre and post conditions in both N-Ex and H-Ex sessions. 
Parameters Conditions
TTY (˚C) HR (beats•min
The Simple Visual Reaction Time
Results reveal a significant post exercise increase of this parameter only during the N-Ex session (p < 0.01). No significant difference was revealed between the two conditions both before and after the exercise (N-Ex: from 371.3 ± 72 ms to 417.8 ± 92 ms, mean gain = 46.5 ms; H-Ex: from 375.2 ± 64 ms to 381.4 ± 63 ms, mean gain = 6.2 ms).
Electroencephalogram Variation (EEG)
There was no difference in the EEG between trials at rest and during the exercise. The waves did not change significantly in both conditions during exercise. However, the β waves increased significantly at the onset (OE) and the middle (ME) of exercise (p < 0.001) in N-Ex and H-Ex conditions, and decreased significantly (p < 0.05) immediately before exhaustion (IBE) in both conditions ( Table 3) . When compared to the resting values, the α/β ratio decreased significantly (p < 0.001) in both trials throughout the exercise (p < 0.001). However, when compared to the onset and to the middle of the exercise, this ratio was significantly increased (p < 0.01) during both N-Ex (405% ± 360% and 463% ± 217%, respectively) and H-Ex (365% ± 313% and 463% ± 366%, respectively) trial (Figure 1). 
Discussion
Exercise with superimposed hyperthermia is known to provide an excellent model for studying factors of importance for central fatigue [14] . Hence, to further investigate mechanisms underlying the central component of fatigue, we have built an experimental protocol combining an exhausting cycling exercise and heat stress. Most of the previous studies treating with central fatigue during exercise-induced hyperthermia experimented groups of trained males. However, central fatigue in untrained subjects especially females during intense exercise is not enough debated.
In the present study, the core temperature was estimated from the tympanic temperature (Tty). Newsham et al. (2002) [22] have demonstrated that rectal temperature changes are slower to detect core temperature changes compared to Tty. They also showed that, during exercise, the evolution of these latter is nearly the same. Sato et al. (1996) [23] showed that when a probe was successfully placed on the tympanic membrane, and the external canal was covered with cotton or a thermal insulating material, Tty was not affected by ambient temperature or by an alteration in skin temperature of the face or the head.
The main result of the present study was that intense exhaustive exercise either in neutral (N-Ex) or in heat (H-Ex) conditions alters brain electric activity in sedentary women. Thus, a significant decrease (p < 0.001) of the α/β ratio was observed at the onset and the middle of the exercise followed by a significant (p < 0.01) increase of this ratio immediately before exhaustion in both sessions. Furthermore, the H-Ex session did not in- Table 3 . Variation of the α and β waves recorded at rest (R), at the onset (OE) and the middle (ME) of the exercise and immediately before exhaustion (IBE) during the 2 sessions. α and β are presented in % of the total EEG signal. Figure 1 . Variation of the α/β ratio according to the moment (R: rest, OE: onset of the exercise, ME: middle of the exercise and IBE: immediately before exhaustion) in the two conditions of tests. All the α/β ratio were presented according to the value obtained during rest (α/β = 100%) before the exercise trial, eliminating trial-to-trial and person-to-person variation. (Asterisks (*) indicate a significant difference between sessions at p < 0.05. Asterisks (**) indicate a significant difference between sessions at p < 0.01).
duce higher changes in Tty, HR, [La] and BML, while exercise duration was significantly decreased (−18% ± 4%, p < 0.01) compared to that of N-Ex session. This allowed suggesting that the higher rates of rise in both core temperature and HR (p < 0.05) were the main factors allowing earlier exhaustion state during H-Ex session. In this line, Cheung and McLellan (1998) [24] reported that during severe uncompensable heat stress conditions, the rate of heat storage is the limiting factor for exercise-heat stress task. On the other hand, given the increase of the [La] during both N-Ex (from 1. , p < 0.001) sessions, we can observe that contribution of the anaerobic glycolysis pathways for energy production was elevated. In such conditions, recent researches [25] [26] suggested that lactate has minimal involvement in the onset of muscle fatigue in such type of exercise. According to Robergs et al. (2004) [25] , there is no biochemical support for lactate production causing intracellular acidosis. Even, if muscle did not produce lactate, acidosis and muscle fatigue would occur more quickly and exercise performance would be severely impaired [25] . Along with Philp et al. (2005) [27] , explanation of fatigue certainly points to a combina- N-Ex) . It is likely that other causes than peak lactate were responsible for exhaustion. When compared to the onset and the middle of the exercise, the α/β ratio was significantly increased (p < 0.01) during both N-Ex and H-Ex trials (Figure 1) . EEG results of the present study are not comparable to those reported by Nybo and Nielsen (2001) [1] and Nielsen et al. (2001) [20] underlining a relative stability of the α/β ratio during prolonged submaximal exercise, performed in thermoneutral condition, inducing a core temperature rise to 38˚C. However, during prolonged submaximal cycling exercise, Gonzalez-Alonso et al. (1999) [28] and Nybo and Nielsen (2001) [1] reported that exhaustion during prolonged exercise in the heat seems to coincide with the attainment of high internal temperatures close to 40˚C. In such condition, the core temperature increase did not only influence the locomotive and cardiovascular systems, but also affected the brain [2] . According to Ftaiti et al. (2010) [29] , the α/β index increased significantly during submaximal prolonged and exhaustive cycling exercise particularly under heat condition. This was associated with a significant decrease of time to exhaustion (−34%). During physical activities with intensities that elicit maximal oxygen uptake, Nybo (2008) [2] reported that lower performance is to a large extent related to peripheral fatigue. In contrast, during prolonged exercise in the heat, the decrease in endurance seems to involve changes in the function of the central nervous system (CNS) leading to a faster occurrence of fatigue. The CNS fatigue appears to be primarily related to inhibitory signals from the hypothalamus arising secondary to an increase in brain temperature [2] . In this line, Sidhu et al. (2008) [30] reported that supraspinal fatigue played a greater role than peripheral mechanisms in sustained maximal voluntary contraction reduction after locomotor exercise (eight 5 min bouts of cycling at 80% of maximum workload).
The simple reaction time was not altered after the H-Ex session. The present results are in contradiction with those reported by Keller et al. (2004) [31] underlining in trained males the detrimental effect of heat stress on precision and concentration mental capacities. The results are also in disagreement with those reported by Ramsey et al. (1995) [32] showing that complex tasks are systematically altered during heat stress. On the other hand, our results are in agreement with the findings of Chmura et al. (1998) [33] who reported in trained males preservation or even an improvement of the treatment of the information capacity after 60 min of endurance cycling exercise in well trained subjects. In this line, Collardeau et al. (2001) [34] reported that CHO-electrolyte ingestion during a run resulted in an improvement in the complex cognitive performance measured at the end of 100 min treadmill run. Brisswalter et al. (2006) [35] indicated that when the cognitive performance was performed during exercise, the dual task effect was strongly related to energetic constraints of the task. The greater the energy demand, the more attention is used to control movements. However this positive effect disappears during prolonged exercise by an increase in errors in complex tasks and an alteration in perceptual response (i.e. the appearance of symptoms of central fatigue) [36] . According to Angevaren et al. (2008) [37] , there is evidence that aerobic physical activities which improve cardiorespiratory fitness are beneficial for cognitive function in healthy older adults, with effects observed for motor function, cognitive speed, delayed memory functions and auditory and visual attention.
Studies relating changes in the EEG with vigilance have generally shown that deterioration in performance is associated with increased theta and changed alpha intensity [38] , although Townsend and Johnson (1979) [39] have indicated that beta activity is also altered. These changes reflect decreased cortical arousal which is likely to occur during long monotonous tasks requiring sustained attention [40] . Belyavin and Wright (1987) [40] suggested that good and poor levels of vigilance can be predicted from the EEG changes. Performance was more closely related to the EEG in the simple vigilance task than with the discrimination task. The most useful discriminator of worsening vigilance common to both tasks was beta activity (14 -21 Hz) [40] . In the present study, although beta activity was significantly decreased in both conditions (p < 0.001) results revealed a significant increase of the simple reaction time only after the N-Ex session.
Conclusion
This study revealed that exercise exhaustion in both neutral and a heat conditions is associated with changes in the spontaneous EEG, suggesting an alteration of the brain's neuronal activity, in sedentary women. Further-more, HR, Tty, BML and [La] concentration changes did not differ significantly between conditions, while time to exhaustion was significantly decreased during H-Ex session. In conclusion, a higher rate of core temperature increase in the heat seems to be the main factor leading to earlier stage of fatigue emergence in the heat.
